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ABSTRACT

A new method is developed which permits a direct non-
linear FET parameter extraction of the gate source capaci-
tor and diode, the drain current generator and the avalanche
breakdown characteristics from large-signal waveform mea-
surements. Differences between the DC and RF characteris-
tics of the drain current generator and the breakdown char-
acteristics are observed and interpreted. The measured FET
output power and phase spectra are compared with the sim-
ulated results for different RF models of the nonlinear drain
current generator. The proposed method is a valuable instru-
ment for the analysis of the actually existing high frequency
FET nonlinearities and can be helpful in the improvement
of large-signal FET models.

INTRODUCTION

The simulation and design of nonlinear microwave cir-
cuits require reliable large-signal FET models. The parame-
ters for the nonlinear FET models which are implemented in
commercially available nonlinear circuit simulators are usu-
ally extracted from the measured DC or pulsed DC charac-
teristics and from the S-parameters [1]. The approximation
of the nonlinear characteristics with analytical functions and
the neglection of the differences between the DC and RF
characteristics of the drain current generator can lead to in-
accurate simulation results [2].

In [3] a method has been proposed which additionally
takes into account the RF output power spectra measured
under large-signal operating conditions. The coefficients of
analytical functions used to model the FET nonlinearities
are fitted to match not only the measured DC characteris-
tics and S-parameters but also the RF output power spectra.
This approach is based on the assumption that the analyt-
ical functions are appropriate to describe the S-parameters,
the DC and the nonlinear RF characteristics simultaneously
which often may suffer from the FET low frequency disper-
sion phenomena.

To overcome these limitations, we follow a new extrac-
tion concept which allows a direct nonlinear FET parameter
extraction without the necessity of the above mentioned as-
sumptions. Precisely measured voltage and current spectra
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transformed from the outer to the inner FET reference planes
are used for the analysis of the measured nonlinear RF char-
acteristics of the voltage controlled drain current generator.

NONLINEAR DEEMBEDDING PROCEDURE

The fundamental data of the proposed extraction method
are the DC characteristics, the S-parameters of different
DC bias points and the voltage and current spectra in the
outer FET gate and drain reference planes (Figure 1) for
different DC bias points, RF input power levels and funda-
mental frequencies. The FET voltage and current spectra
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Figure 1. Quter FET reference planes.

(Vas, Ias, Vs, Ips) were measured in a large-signal wave-
form measurement system [4] with 40 GHz harmonic band-
width. The FET small signal equivalent circuit elements
were obtained by a highly consistent extraction method de-
scribed earlier in [5]. The bias dependent small signal equiva-
lent circuit elements (g,n, Gus, Cys, Cya, T, R.) were extracted
from the S-parameters of multiple different DC bias points,
interpolated with 2-d splines and transformed to the inner
FET voltage planes V,, and V;; shown in figure 2.

The transformation of the measured voltage and current
spectra from the outer to the inner FET reference planes
starts with a deembedding of the linear equivalent circuit el-
ements (R,, Ry, R, Ly, L4, Ls, Cys). The measured spectra
are transformed for each DC bias point, RF input power level
and frequency component through the linear elements. After
the transformation, the measured spectra (Vig, Igs, Vis: Ips)
of the nonlinear inner part of the FET equivalent circuit
model (Figure 2) are available. The gate source diode is ap-
proximated with the PN diode model. The corresponding
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Figure 2: Nonlinear inner part of the FET large-signal equiv-
alent, circuit model.

parameters are extracted from the complex signal spectra
measured under gate forward operating conditions in a har-
monic balance process taking into account bias dependent
equivalent circuit elements Cy,, RB;, and Cyqy.

. With the parameters of the gate source diode and the
bias dependent incremental values of Cys and R; known, the
control voltage V, over the gate source capacitor Cy, can be
derived from the measured gate voltage spectra Vg with a
harmonic balance solution of the equation T

VGIS - ‘/gs + Ri(Vqsy Vds) Igs - (1)

The current Iy, ¢y, through the gate source capacitor Cy,
can be calculated from the measured gate current spectra
&g With a deembedding of the gate drain capacitor Cyq and
the gate source diode,

d(Vas — V)

19370.03 = ICI;S + Cyd(qu Ws) a1

- [gs,diode - (2)
The current of the gate drain capacitor is calculated as the
product of the bias dependent incremental Cyy values with
the derivative of the measured differences between the gate
and drain voltages with respect to the time. The charac-
teristic of the gate source capacitor is calculated from the
deembedded measured gate voltage and current spectra us-
ing the equation

Cgs(‘/gsa Vzvis) = [ys,Cgs/(d Vgs/dt) - (3)

The measured drain current spectra I},4 are corrected for
the current through the feedback capacitor Cyy,

d(Vis ~ Vizs)
dt = ®)

The effect of the control voltage Vg, on the drain current
generator is taken into account by a nonlinear time delay
7(Vys, Vas). The control voltage

Ids = ]bs - gd(qu ‘/ds)

Vgs(ti _ T(Vgs(t,-)y Vds(t,')) - f—l(l/ﬁ e—ij(Vgs(ti),Vd.t(ti))) (5)

can be calculated in the time domain for each time sample
;.

The construction of the nonlinear RF drain current gener-
ator characteristics has been accomplished by analyzing the
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deembedded signal waveforms for different input power levels
and DC bias points. To permit a direct comparison with the
measured DC characteristics, the evaluation has been car-
ried out for defined values of the instantaneous gate control
voltage Vy;. The corresponding values of the output voltage
V4, and the drain current I, are determined from the deem-
bedded waveforms at those specific time points at which the
gate control voltage has reached the above mentioned de-
fined values. The extracted characteristics have been found
as being really significant under large-signal operating con-
ditions. They can be directly implemented in a large-signal
FET model or utilized to analyze the validity not only of
analytical but of arbitrary functions which are used to cal-
culate the RF drain current characteristic as a function of
the measured inner voltage spectra Vj, and Vi,.

POWER MESFET EXAMPLE

The voltage and current spectra of a power GaAs MES-
FET of type Toshiba JS8836 were measured at a funda-
mental frequency of 3 GHz and the operating conditions
Ves,pe=-2.5V, Vpspc=8V and different RF input power
levels (P;,=10dBm, ...(1)..., 23dBm). Figure 3 shows the
measured DC and the extracted RF characteristics of the
nonlinear drain current generator for the defined inner gate
voltages. The negative channel conductance of the DC char-

Vs V1

Figure 3: Measured DC (—) and RF (- -} characteristics of
the nonlinear power MESFET drain current generator.

acteristic for higher gate voltages does not appear in the
RF characteristic, because the FET channel temperature is
approximately constant during the CW-RF excitation. The
RF behaviour agrees with the DC characteristic only for in-
stantaneous voltages near the gate and drain bias values and
low input power levels. An increasing deviation can be ob-
served with growing difference between instantaneous and
bias voltages which originates in temperature and low fre-
quency dispersion phenomena [2]. The I, -V, cross marked
traces in Figure 4 represent the results obtained under sim-
ilar conditions due to Figure 3 with the exception that the
DC drain voltage Vpgpc was changed to 6V. The observed
dependence of the RF characteristics on the DC drain bias
voltage originates in the relatively high and bias dependent
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Figure 4: Extracted RF characteristics of the nonlinear
power MESFET drain current generator for the DC drain
bias voltage Vpspc=6V (+) (dotted traces from Figure 3
for comparison).

power MESFET channel conductance Gys rr. This effect is
less visible in typical small-signal FETs [6] because of their
lower channel conductance. It may be concluded from our
experimental work that analytical functions can only be used
to model the RF characteristics of the drain current genera-
tor for one given DC bias point.

Figure 5 shows the gate drain avalanche breakdown char-
acteristic, which is one limiting factor in power MESFETs.
As can be seen from the extracted results, the RF measure-
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Figure 5: Measured DC and large-signal waveform (LSW)
avalanche breakdown currents.

ments allow much higher instantaneous avalanche current
values without destroying the FET. In contrast to the strong
dependence of the DC avalanche breakdown current on the
gate bias voltage, the results shown here indicate that the
RF avalanche current is mainly dependent only on the gate
drain voltage.
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MODELING OF THE NONLINEAR
DRAIN CURRENT GENERATOR

Figure 3 illustrates that there are significant differences
between the DC and RF characteristics of the nonlinear drain
current generator. The question arises, which model can be
used to simulate the large-signal RF behaviour. The first
model [7] we investigated is based on a consistent formula-
tion for the nonlinear drain current generator. The drain
current

Ids,RF(‘/gs(t - 7')7 ‘/d.s) Ids,DC(‘{qs(t - T)7 V;is) (6)

+ IkoT(Vqs(t - T)a ‘/ds)

1 T
- _/ Ikar(Vw(t‘T):V;ls)dt,
T Jo

Tior (Vgs(t — 7), Vas) =

Vys(t—7)
/ (G (0, Viao.06) — 900, Vi) do

Vgs,DC

Vas
+ / (Gas,rE(Vys, ) — Gas,pe(Vys, v) ) dv

Vis,po

is a combination of the measured DC characteristics and a
RF input power dependent correction current term compris-
ing an integral of the differences between the DC and RF
transconductance and conductance of the drain current gen-
erator from the bias point to the instantaneous voltages. The
second model was originally proposed by [8] and is basically
also applied in [9,10]. The instantaneous RF drain current
of the second model

Vya
Lis rr(Vys, Vis) = / gm,rF(v, Vispo)dv  (7)

Vge,nC

Vda
/ Gas,rr(Vys,v) dv

Vas,pc

+ 14(Vys,00y Vis,pc)

+

is calculated as the integral of the high frequency bias depen-
dent incremental transconductance and output conductance
of the drain current generator from the DC bias point to the
instantaneous voltages. A simple thermal model was used to
correct the values of gn, rr and G, rr to account for the fact
that the state of thermal equilibrium in the device was differ-
ent for each bias point with respect to the large-signal operat-
ing conditions. The adjustments were performed relative to
the DC bias point of the large-signal simulation by assuming
the incremental values of the transconductance and conduc-
tance to be inversely proportional to the absolute temper-
ature. Figure 6 shows the measured and simulated output
power of the first harmonic and figures 7 and 8 the output
power and phase of the third harmonic.
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Figure 6: Measured (—) and simulated (eq. 6 (---), eq. 7
(- -)) output power of the first harmonic.
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Figure 7: Measured (—) and simulated (eq. 6 (---), eq. 7
(- -)) output power of the third harmonic.
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Figure 8: Measured (—) and simulated {eq. 6 (---), eq. 7
(- -)) phase of the third harmonic.

The agreement between measurement and simulation is
excellent for the first model. The second model shows a
larger disagreement, because the measured DC drain current
was used for the integration constant (145(Vys,pco, Vas.pc)) in
equation 7. An alternative approach is to set the integra-
tion constant equal to the integral of the RF transconduc-
tance and channel conductance from pinch-off to the DC bias
point. This results in a ficticious DC drain current which is
different from the measured DC current due to low frequency
dispersion phenomena. The integral of the bias dependent
power MESFET RF transconductance from pinch-off to the
DC bias point is larger than the measured DC current, which
18 in contrast to typical small-signal FETs. Because of this
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‘current.

characteristic the simulation yields partially negative instan-
taneous RF drain currents for high input power levels which
reduce the input power dependent mean value of the drain
The reduced mean value results in a too low de-
crease of the gate control voltage V,; pc with increasing in-
put power through the feedback effect of the source resistance
R, and is the reason why the simulation shows not the cor-
rect compression characteristic. This example demonstrates
the importance of the integration constant in equation 7 for
a practical nonlinear simulation, a problem which does not
occure in the consistent formulation of equation 6.

CONCLUSION

We presented a new method for the direct parameter
extraction of the essential power MESFET nonlinearities
from large-signal waveform measurements. The measured
RF characteristics of the nonlinear drain current generator
illustrated the differences between the DC and RF character-
istics. The simulated results of two different RF models for
the nonlinear drain current generator were compared with
the measured complex signal spectra and the importance of
the integration constant in equation 7 was emphasized.
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